We report 29 Si nuclear magnetic resonance measurements of single crystals and aligned powders of URu 2 Si 2 under pressure in the hidden order and paramagnetic phases. We find that the Knight shift decreases with applied pressure, consistent with previous measurements of the static magnetic susceptibility.
Introduction
URu 2 Si 2 is a heavy fermion material that has captured the interest of the condensed matter community for over 25 years [1, 2] . In addition to an unconventional superconducting state below 1.5K, URu 2 Si 2 undergoes a phase transition at T HO = 17.5K [1, 3] , the order parameter of which is yet undetermined.
The nature of the hidden order phase remains controversial, but it clearly does not involve magnetic ordering of dipole moments [4] . Extensive neutron scattering work has suggested that it has an itinerant nature and involves some type of Fermi surface instability [4, 5, 6] , and recent Raman spectroscopy experiments indicate that the hidden order consists of a chirality density wave [7] . It is likely that this exotic phase emerges in this material due to the unusual symmetry of the crystalline electric field states [8] .
An analysis of previous thermodynamic and neutron scattering measurements in the context of hidden order gap fluctuations uncovered the possible existence of a pseudogap occurring at a temperature scale T 0 > T HO , and recent nuclear magnetic resonance (NMR) experiments at ambient pressure indicated T 0 ∼ 30K [9, 10] . The presence of anomalies between 25-30K in magnetic susceptibility [11] , point contact spectroscopy (PCS) [12] , and neutron scattering measurements [5, 13] , as well as in other thermodynamic probes (heat capacity, thermal expansion and ultrasound velocity), which are sensitive to changes in the elastic constants of the crystal lattice, also suggest this temperature scale [14, 15, 16, 17] . Ultrafast and conventional optical spectroscopy have also found a suppression of low energy spectral weight below 30 K [18, 19, 20] .
Under hydrostatic pressure, T HO increases, and above 4.7 kbar URu 2 Si 2 undergoes a phase transition to a large moment antiferromagnetic (LMAF) ground state [21, 22] . Little is known, however, about the behavior of T 0 under pressure.
In order to investigate how the suppression of the density of states evolves, we performed 29 Si NMR experiments up to 9.1 kbar in the paramagnetic region of the phase diagram. We find that this suppression persists with the application of pressure, and that T 0 increases slightly.
Sample Preparation and Pressurization
29 Si NMR (I = 1/2, 4.7% natural abundance) measurements were conducted under pressure on a single crystal at 2.0 kbar and on an aligned powder at 9.1 kbar. Details of the sample preparation of both the single crystal and aligned powder are given in Ref. [10] . The signal to noise ratio in a single-crystal in a pressure cell is poor because the high conductivity of the sample screens out the radiofrequency fields of the pulsed NMR experiment, and small crystals are necessary due to the confined space within the pressure cell. As shown previously, the spin-lattice-relaxation rate measured in an aligned powder is identical to that in a single crystal, and the data is reproducible across different samples. Therefore we switched to the aligned powder for the higher pressure experiments in order to enhance signal to noise. Pressure was applied using a Cu-Be piston-cylinder clamp cell, with daphne oil (Idemitsu Co., Ltd., type 7373) as a pressure medium.
In order to accurately measure the pressure, we first tested the cell with two This change is likely due to differences in thermal contraction between different elements of the pressure cell. Curiously, the NQR measurement consistently gives a slightly lower pressure (∼ 10 − 15%) than the ruby fluorescence, albeit with a similar temperature trend. We attribute this discrepancy to differences in calibrations. For example, the NQR calibration is based on low temperature measurements of the T c of superconducting Sn, whereas the ruby fluorescence calibration is based on x-ray scattering at room temperatures. The difference is not due to inhomogeneous pressure within the pressure cell, as we found no broadening of either the ruby fluorescence spectrum or the NQR spectrum up to 9.1 kbar [23] . Based on these results, we decided to use the ruby fluorescence for the URu 2 Si 2 NMR study. This approach to measuring the pressure is superior because it provides information about the pressure as a function of temperature 
NMR Results
Spectra and Knight Shift. 29 Si NMR spectra were acquired by sweeping fre- Nevertheless, the data indicate a maximum close to 30 K that is characteristic of the reduction of density of states below T 0 that persists under pressure. For concreteness, we fit the data in the paramagnetic region to the expression [10] :
where A, B and ∆ are variable parameters, shown as black lines in Fig. 1 .
) is a phenomenological form of the normalized joint density of states (JDOS) at the Fermi energy E F , which accounts for any Tdependent suppression due to a pseudogap, and (∆ + T exp(−4∆/T )) −1 is a crossover function due to 2D antiferromagnetic psuedospin fluctuations [10, 31] .
Although the error bars are significant due to the poor signal to noise, the increasing trend in ∆ as a function of pressure is evident, as shown in Fig. 1 .
Discussion
The physical significance of T 0 remains unclear, but may be related either to the the Kondo hybridization gap or to the onset of fluctuations of the hidden order. In either case, it is reasonable to expect that the energy scale increases with increasing pressure. Pressure increases the overlap between the U f orbitals and the conduction electrons, leading to an enhanced Kondo scale. A similar increase was recently observed in NMR experiments in CeRhIn 5 under pressure [32] . Furthermore, T HO also increases with pressure, so the onset temperature for fluctuations would naturally increase. Curiously, the Knight shift is suppressed by about 19% at 9.1 kbar between 23-30K. As shown in Ref.
[27], the bulk susceptibility is reduced by about 23% by 15.9 kbar over the same temperature range. Assuming a linear behavior of the suppression, the bulk susceptibility should be reduced by only 13%. Therefore, the data suggest that the Knight shift has suppressed more than would be expected based on the susceptibility. A possible explanation for this discrepancy is that the trans- has a maximum at T ∼ 30K, indicating that there is a reduction in the density of states above the hidden order transition that is robust under pressure up to 9.1 kbar. The data at ambient pressure is reproduced from [10] . Fits to the data are shown as black lines, and are discussed in the text.
in CeRhIn 5 [32] . Further experiments on URu 2 Si 2 under pressure are challenging, however, because the spin-spin decoherence rate, T −1 2 increases close to the LMAF phase. As a result, fewer CPMG echoes can be summed, and the signal to noise ratio decreases. It is possible that future experiments using isotopically enriched Si may provide more detailed information about the evolution of of the temperature scales, T * and T 0 as a function of pressure in a single crystal.
